





Humans are the most significant global geomorphological driving force of the 21st 
Century 




The data used to calculate the figures in the paper are contained within Table 1. Some of 
the data in these columns are themselves calculated figures. Additional notes relating to 
these calculations are provided below.  
 
Mineral production statistics and overburden/waste 
By using the world mineral statistics compiled by the British Geological Survey (BGS) 
since 1913 (British Geological Survey, 1913–2017) it is possible to make an 
approximate estimate of the amount of ground worked in order to produce the total 
world mineral output. To do this it is necessary to determine not only the mineral 
output, but also the waste factor (or overburden moved factor) for each mineral. For 
certain minerals, including coal, there will be different waste/overburden values 
depending on whether the coal has been deep (underground) mined or opencast 
(surface) mined. These values also vary between countries and over time.  
 
The figures for mineral output must be used with caution. There are many factors that 
have changed the way that different minerals have been worked over time and the 
amount of waste or overburden associated with different working techniques vary. For 
example, coal mining was originally mined from bell pits, it then progressed to pillar 
and stall mines through to longwall mechanised mine extraction. Similarly, opencast 
mining has moved from digging at the outcrop using hand tools, to steam shovels and 
then to draglines and bucket excavators that have permitted larger and larger amounts of 
overburden to be removed.  
 
In parallel with changes in mining techniques, there have also been changes in the way 
minerals (especially metals) have been extracted from their ores so that smaller 
percentages of extractable mineral have become economic to work, depending on the 
market price. Taking copper as an example, early mines in the early 1800s extracted 
vein material with an average copper content of around 9%, by the early 1900s 2.5% 
copper was economic to work and now mines exploit disseminated copper with as little 
as 0.77% of the metal (Crowson, 2011).  
 
To understand the amount of mineral extraction and waste/overburden moved it is 
necessary to make some assumptions and generalisations, but with care a general figure 
for the amount of material moved can be calculated. 
 
Coal and iron ore are the main excavated minerals comprising approximately 56% of 
the world mineral output in 2015. Crude petroleum and natural gas accounted for 
another 37% so these four commodities account for 93% of world output. All the other 
minerals amount to about 7% of world output (Figure 1). To facilitate the calculation of 
the mineral and waste/overburden figures key years have been chosen based on the 
graphical information for coal and iron ore. For these years, all the minerals have been 
included (except oil and gas because the majority of these two commodities are 
extracted from within pore spaces of geological formations, thus requiring little material 
to be moved and without generating much waste) and estimated the total amount of 
waste/overburden that would have been expected at the particular time interval. The key 
years taken are 1925, 1950, 1975, 2000, 2010 and 2015 (Table 2). 
 
The proportion of waste material excavated compared to mineral recovered is known as 
the stripping ratio. These can be quoted in mineral output statistics as a volume:volume, 
a volume:tonnage, or a tonnage:tonnage figure and they also change over time. A wide 
range of literature sources were consulted to obtain the best available data for stripping 
ratios for coal (for example, see Štỷs, 1987; Lubomir & Vaclav, 2007; Mining 
Technology, 2017; Mohr et al, 2011; Anglo American, 2012; Whitehaven Coal, 2012; 
Averitt, 1974; Rusek et al, 1978; Grim & Hill, 1974; IMC, 1999; Gibson, 1981; Lawson 
et al, 2003; Chang-Sheng, 2008; Ikonnikov, 1977; Singh, 2005; Khoshoo, 2008; Kable 
Intelligence Ltd, 2017; Semirara Mining, 2016; Fikkers, 2013; Atrum Coal, 2013) and 
these were used to infer a global average for each year (Figure 2a). Volumes of 
overburden/waste were converted to tonnages using density figures available on the SI 
Metric website (SI Metric, 2016).  
 
There has also been a significant shift over the last century from underground to surface 
coal mining, particularly in countries such as the UK, USA and Australia (Figure 2b). 
However, due to a significant increase in the production of coal from China, from under 
1 billion tonnes in 2000 to nearly 3.7 billion tonnes in 2015 (British Geological Survey, 
1913–2017), and because more than 90% of the coal mined in China is still extracted 
from underground mines (Chang-Sheng, 2008), the inferred global average for the 
percentage of surface mined coal actually decreases after 2001. Again, a wide range of 
materials were consulted to obtain the best available data for the proportion split 
between surface and underground mining (for example, see Štỷs, 1987; Mohr et all, 
2011; Averitt, 1974; Grim & Hill, 1974; Chang-Sheng, 2008; Khoshoo, 2008; Energy 
Information Agency, 2017; US Environmental Protection Agency, 1982; Fisher & 
James, 1955; Harris, 1995; British Geological Survey, 1973–2016; Harris et al, 2006–
2010; Zhang et al, 2004; Moolman & Fourie, 2000; Irving & Tailakov, 1994; Mbendi, 
2016; Thompson, 2005; Chikkatur, 2008; Sanhati, 2011; New World Resources, 2011; 
Tarazanov, 2012; Oddenino, 1993; Fuginski, 2012; Kazakh Research Institute, 2002). 
The change in mining method has to be factored into calculations of overburden/waste 
because a large quantity of overburden is moved at surface mines whereas much less 
waste is generated at underground coal mines.  
 
For other minerals, stripping ratios vary by commodity and with 54 minerals, other than 
coal, included in the research these ratios were assessed at the key year intervals of 
1925, 1950, 1975, 2000, 2010 and 2015. The amounts for other years were then inferred 
using the changes in coal as a proxy (Figure 3). For many minerals, stripping ratios 
were obtained from Douglas & Lawson, 2000, but other sources were also consulted 
and used where appropriate [for example, see Crowson, 2011; Sherlock, 1922; Müller & 
Frimmel, 2010; American Association for the Advancement of Science, 2001; World 
Bank Group, 1998; Johnson Matthey, 2016; Kogel et al, 2006; Symonds Group, 2001; 
Douglas & Lawson, 2002; Norgate & Haque, 2012; Shelton, 2013). 
 
Aggregates and cement 
The other minerals included above range from aluminium to zirconium, but do not 
include the extraction of construction aggregates or the materials used to manufacture 
cement (industrial limestone, clay and shale). However, aggregates and cement 
represent some of the largest amounts of materials moved by humans; in many countries 
they represent the largest material flow (Brown et al, 2011; Rogich et al, 2008). Global 
figures for the production of construction aggregates are not available but figures for 
Europe, the UK and the USA are published (Brown et al, 2016; Idoine et al, 2016; 
Bennet, 2016; Willett, 2016). The United States Geological Survey (USGS) also publish 
figures for worldwide production of cement, in addition to the production in the USA 
(van Oss, 2017), and the BGS publications include cement figures for the UK and 
several European countries (Brown et al, 2016; Idoine et al, 2016). Aggregates and 
cement are used in combination to produce concrete at reasonably fixed proportions but 
aggregates are also used without cement in products including road sub-base and 
ballast. The ratio between the production of cement and aggregates varies between 
countries due to factors including population density and the size of the country, but a 
typical global ratio can be inferred from the published data (Figure S1). This global 
ratio can then be applied to the published world cement manufacture figures to calculate 
an inferred series for worldwide aggregates production (Figure 4). 
 
 
Figure S1. Production ratios between construction aggregates and cement, 
together with inferred world ratio. 
 
Although the inferred world ratio on Figure S1 appears to be below the individual data 
points for the years prior to 1998, this is an artefact of the availability of data. For all 
years prior to 1998 the country level data for the production of aggregates and cement 
are only available for the USA and UK and thus it is not possible to calculate the ratio 
for other countries. However, from 1998 onwards it can be seen that many countries 
have a ratio that is lower than both the USA and UK and hence the inferred world 
average is below that for the USA and UK. 
 
Excavation during construction works 
As noted in the main paper, the majority of construction works (e.g. buildings, roads, 
railways, tunnels, dams. docks, etc.) also require earthworks. These range from minor 
stripping of soil to major tunnelling and cutting and embankment construction. A 
detailed examination of a number of construction projects revealed a wide range of 
figures for the amounts of excavation required per tonne of cement and aggregates used. 
Calculations based on figures for 12 major roadbuilding schemes, across 10 countries, 
provided a multiplier of 21.5 times the estimated cement and aggregates used, whereas a 
similar calculation based on 6 major railway schemes in 6 countries resulted in a 
multiplier of 2.1 times and from 6 building projects (airport terminal, office buildings, 
dam, etc.) in 5 countries a multiplier of 1.7 times. For this research figures that are 
double the amount of global aggregates and cement production were used, but this is an 
area that would benefit from further work. Other sources of excavation and fill, such as 
unsurfaced gravel roads and mountain road or rail cuttings, have not been quantified. 
 
Dredging 
Dredging is carried out for a number of reasons including: 
 the construction of new ports;  
 the maintenance or deepening of existing ports and associated navigation 
channels;  
 the protection of existing coastal infrastructure from sea level rise or tidal 
flooding;  
 to increase flow capacity in rivers as part of a flood prevention strategy;  
 the reclamation of land along a coast for building expansion; and  
 to prepare the sea bed for maritime infrastructure such as pipelines or offshore 
wind turbines. 
The extraction of aggregates from the sea floor has been excluded from this calculation 
to avoid double-counting. Dredging carried out for the extraction of fish and other sea-
food is also excluded from the calculations but is estimated at 14.8 million km2 per 
annum (Watling & Norse, 1998). 
 
Global figures for the amounts of material moved during dredging operations are not 
published. However, estimates have been made based on the limited information that 
available. The International Association of Dredging Companies (IADC) has published 
annual figures for the turnover of the industry in recent years (IADC, 2017) and these 
can be converted to approximate cubic metres using figures for the typical cost per 
cubic metre moved in each year. The latter were derived from a number of sources [for 
example, see US Army Corps of Engineers, 2014; Sydney Coastal Councils, 2013; 
Owen & Park, 2009; Halcrow, 2009; Boskalis, 2017; Van Oord, 2012; National Marine 
Dredging Company, 2009; Gordon, 2013; Subsea World News, 2012; Middle East 
Dredging Company, 2008; United Nations Educational, Scientific and Cultural 
Organisation, 1998). In some years the figures released by the IADC specifically do not 
include data for the USA and China and consequently these need to be added. Data for 
the USA is published by the US Army Corps of Engineers through their Navigation 
Data Center (US Armcy Corps of Engineers, 2017) and data for China have been 
compiled by Frost & Sullivan Consultants but are summarised in freely available 
reports (Hong Kong Exchanges and Clearing Ltd, 2011). 
 
For the years prior to 2000, world totals for the amounts of material moved during 
dredging operations have been postulated based on the USA reported figures (US Army 
Corps of Engineers, 2017), interpolated USA figures for years missing in the reported 
series and the calculated world totals for 2000–2015 (Figure 5). USA figures were 
converted from cubic yards to cubic metres and all of the cubic metres figures were 
converted to metric tonnes using a density of 1.8 t/m3.  
 
Anthropogenic global sediment flux 
The figure for anthropogenic global sediment flux of 316 Gt for 2015 was calculated by 
summing the results of the above calculations, which are in summary: 
 World coal production (reported) with associated overburden and waste 
(calculated), adjusted for changes over time for stripping ratio and 
underground/surface working 
 World production of metals and minerals other than coal (reported in key years, 
interpolated for the remainder) with associated overburden and waste 
(calculated) 
 World cement production (reported) 
 World aggregates production (estimated from a cement/aggregates ratio) 
 Minimum quantity of material moved during the course of civil engineering 
earthworks related to construction (estimated based on cement and aggregates 
production) 
 Material moved by World dredging operations (limited reported data with 
significant estimates to fill data gaps) 
 
These figures are also quoted in the main paper in cubic kilometres, which are obtained 
by assuming an average density of 2.1 t/m3. This is a higher figure than that mentioned 
earlier to convert dredged material to metric tonnes due to the wider range of materials 
involved. 
 
An average density of 2.1 t/m3 has been used as an approximation to enable the 
tonnages of material to be calculated as volumes. This figure is very approximate due to 
the large number of variables. These include the wide range of rock types, the ages of 
the rocks, the porosity of the rocks, whether the rock are wet or dry, the bulking factor 
when the materials were excavated and the compaction factor when they have been 
emplaced. Studies of rock density consulted include Manger (1963), Sharma (1997) and 
Ofoegbu et al (2008). Original densities range from as little as 1.25 t/m3 for lignite, 
1.35-1.55 t/m3 for coal, 1.6-2.0 t/m3 for sand and 1.5-2.0 t/m3 for clay through 2.1-2.75 
t/m3 for shales, 1.63-2.7 t/m3 for sandstone, 2.1-2.8 t/m3 for limestone to the denser 
igneous rocks with 2.52-2.75 t/m3 for granite and 2.8-3.1 t/m3 for basalt. There is 
considerable variation in densities within each rock type depending on the age of the 
rocks, depth of burial (compaction) and cementation. 
 
Once a rock is extracted there is also a considerable bulking factor that reduces the 
overall bulk density, this varies considerably depending on how the rock breaks up, it is 
also much lower for unconsolidated sedimentary rocks. Once extracted and re-deposited 
there is a further change in volume due to compaction, this can be a large reduction in 
mechanically compacted materials in civil engineering, or a low reduction in tipped 
materials. Bulking factors and final densities after deposition are tabulated by Ofoegbu 
et al (2008). Considering the large amount of variables, it is considered that a figure of 
2.1 t/m3 is a reasonable approximation for the density of average emplaced materials. 
However, a rigorous analysis has not been undertaken, this would require assigning 
individual figures to all the types of material excavated and emplaced. The 2.1 t/m3 
accords with the fill condition bulk densities given by Ofoegbu et al (2008). 
 
As noted in the main paper, this figure for anthropogenic global sediment flux is many 
times larger than the natural sediment flux of the world’s rivers. Humans are clearly the 





American Association for the Advancement of Science. 2001. Atlas of Population and 
Environment, p.215. ISBN: 9780520230842 
Anglo American. 2012. Metallurgical Coal Investor and Analyst Briefing 14 June 2012. 
http://www.angloamerican.com/~/media/Files/A/Anglo-American-
Plc/investors/presentations/2012pres/metallurgical_coal_analyst_presentation.pdf 
Atrum Coal. 2013. Atrum coal confirms multiple thick near surface coal seams at 
Groundhog. ASX Release 15 April 2013. 
http://www.asx.com.au/asxpdf/20130415/pdf/42f7x6pbk60lnx.pdf 
Averitt, P. 1974. Coal Resources of the United States, January 1, 1974. United States 
Department of the Interior. Geological Survey Bulletin 1412. 
Bennett, S.M. 2016. Construction sand and gravel statistics and information in Minerals 
Yearbook 2013 and earlier editions. United States Geological Survey, Reston, 
Virginia. 
https://minerals.usgs.gov/minerals/pubs/commodity/sand_&_gravel_construction/ 
Boskalis. 2017. Project sheets or press releases relating to Le Havre container port 
expansion in France, Gijon harbour extension in Spain and port maintenance 
dredging in Bahia Blanca, Argentina. https://boskalis.com/download-center.html 
British Geological Survey. 1913–2017. World Mineral Statistics dataset. 
http://www.bgs.ac.uk/mineralsuk/statistics/worldArchive.html 
British Geological Survey. 1973–2016. United Kingdom Minerals Yearbook. 
Keyworth, Nottingham. 
Brown, T.J., Hobbs, S.F., Idoine, N.E., Mills, A.J., Wrighton, C.E. and Raycraft, E.R. 
2016. European Mineral Statistics 2010–2014 and earlier editions. British 
Geological Survey, Keyworth, Nottingham. 
http://www.bgs.ac.uk/mineralsuk/statistics/europeanStatistics.html 
Brown, T.J., McEvoy, F and Ward, J. 2011. Aggregates in England – Economic 
contribution and environmental cost of indigenous supply. Resources Policy, 36, 
p.295–303.  
Chang-Sheng, J. 2008. On development of surface coal mining systems in China. 
Journal of Mining and Safety Engineering, 2008-03.  
Chikkatur, A.P. 2008. A resource and technology assessment of coal utilisation in India. 
Coal Initiative Reports, White Paper series. Kennedy School of Government, 
Harvard University, Cambridge, MA, USA. Pew Center on Global Climate Change. 
https://www.c2es.org/docUploads/india-coal-technology.pdf 
Crowson, P. 2011. Some observations on copper yields and ore grades. Resources 
Policy, 37, issue 1, 59–72 (doi: 10.1016/j.resourpol.2011.12.004) 
Douglas, I. and Lawson, N. 2000. The contribution of small-scale and informal mining 
disturbance of the Earth’s surface by mineral extraction. Mining and Environmental 
Research Network Research Bulletin, 15, p.153–161. 
Douglas, I. and Lawson, N. 2002. Chapter 28: Material flows due to mining and 
urbanisation. In Ayres, R.U. and Ayres, L.W. (Eds). A Handbook of Industrial 
Ecology, p.351–364, Edward Elgar, Cheltenham. ISBN: 9781840645064. DOI: 
10.4337/9781843765479.00040. 
Energy Information Agency. 2017. Coal. https://www.eia.gov/coal/ 
Fikkers, A. 2013. Coal resources, production and use in established markets. (DOI: 
10.1533/9781782421177.2.105) in Osborne, D. (Ed). 2013. The Coal Handbook: 
Towards cleaner production: Volume 2: Coal utilisation. Woodhead Publishing 
Series in Energy: Number 51 
Fisher, W.E. and James, C.M. 1955. Postscript: Recent developments in the bituminous 
coal industry. Volume title: Minimum price fixing in the bituminous coal industry, 
p. 445–454. Princeton University Press. ISBN: 0-87014-191-0. 
http://www.nber.org/chapters/c2890.pdf 
Fuginski, Z. 2012. Underground coal mining – global picture and brief overview. 
Colombia Clean Power, SAS. Subsidiary of Colombia Energy Resources, Inc. 
http://www.uptc.edu.co/export/sites/default/eventos/2012/cim/documentos/global_u
ndeground.pdf 
Gibson, J. 1981. The future for coal and the environment. Journal of the Royal Society 
of Arts,  129, No. 5297, pp. 273–288 
Gordon, R.A. 2013. The Panama Canal Expansion. http://www.european-
dredging.eu/pdf/02_Panama_Canal_Expansion.pdf 
Grim, E.C. and Hill, R.D. 1974. Environmental Protection in Surface Mining for Coal. 
US Environmental Production Agency publication number 670/2-74-093. 
Cincinnati, Ohio. 




Harris, J., Kirsh, P., Shi, M., Li, J., Gagrani, A., Krishna ES, A., Tabish, A., Arora, D., 
Kothandaraman, K. and Cliff, D. 2014. Comparative analysis of coal fatalities in 
Australia, South Africa, India, China and USA 2006–2010. 14th Coal Operator’s 
Conference, University of Wollongong, The Australasian Institute of Mining and 
Metallurgy & Mine Managers Association of Australia, 399–407. 
http://ro.uow.edu.au/cgi/viewcontent.cgi?article=2197&context=coal 
Harris, P.M. 1995. The United Kingdom Minerals Industry. British Geological Survey, 
Keyworth, Nottingham 
Hong Kong Exchanges and Clearing Ltd. 2011. China’s Dredging Industry. 
http://www.hkexnews.hk/listedco/listconews/sehk/2011/0608/00871_1091822/E11
4.pdf 
Idoine, N.E., Bide, T., Brown, T.J. and Raycraft, E.R. 2016. United Kingdom Minerals 
Yearbook 2015 and earlier editions. British Geological Survey, Keyworth, 
Nottingham. http://www.bgs.ac.uk/mineralsuk/statistics/ukStatistics.html 
Ikonnikov,A.B. 1977. The coal industry of China. Research School of Pacific Studies, 
Australian National University, Canberra. 
IMC Mining Consultants Ltd. 1999. DTI Review of Prospects for Coal Production in 
England, Scotland and Wales. Stationery Office, London. 
International Association of Dredging Companies (IADC). 2017. Dredging in Figures. 
https://www.iadc-dredging.com/en/76/publications/dredging-in-figures/ 
Irving, W. and Tailakov, O. 1994. CH4 emissions: coal mining and handling. In Good 
Practice Guidance and Uncertainty Management in National Greenhouse Gas 
Inventories, Background paper, p.129–144. Intergovernmental Panel on Climate 
Change. http://www.ipcc-
nggip.iges.or.jp/public/gp/bgp/2_7_Coal_Mining_Handling.pdf 
Johnson Matthey. 2016. South Africa, the Bushveld Complex. About PGM webpages. 
http://www.platinum.matthey.com/about-pgm/production/south-africa 
Kable Intelligence Ltd. 2017. BP Exploration Coal Mine, Kaltim Prima, Indonesia 
http://www.mining-technology.com/projects/kaltim/  
Kazakh Research Institute for Environmental Monitoring and Climate. 2002. 
Kazakhstani GHG emissions inventory from coal mining and road transportation. 
Final Project Report. 
http://s3.amazonaws.com/zanran_storage/www.pnl.gov/ContentPages/9617868.pdf 
Khoshoo, T.N. 2008. Environmental concerns and strategies. A P H Publishing 
Corporation, New Delhi, p.218. 
Kogel, J.E., Trivedi, N.C., Barker, J.M. and Krukowski, S.T. (Eds). 2006. Industrial 
Minerals and Rocks, Commodities, Markets and Uses. Society for Mining, 
Metallurgy and Exploration Inc. Littleton, Colorado, USA. ISBN: 978-0-87335-
233-8. (and previous editions). 
Lawson, N., Waghorn, D., Ravetz, J. and Douglas, I. 2003. UK material flow accounts: 
Review of indirect flow coefficients. School of Geography, University of 
Manchester, report to the Office for National Statistics. Annex B in Office for 
National Statistics UK Material Flow Review, January 2005.  
Lubomir, C. and Vaclav, V. 2007. The past and present of mining brown coal in 
Northern Bohemia. And the future …? Konstrukce media s.r.o. 
http://www.allforpower.com/clanek/378-the-past-and-present-of-mining-brown-
coal-in-northern-bohemia-and-the-future/ 
Manger, E.G. 1963. Porosity and bulk density of sedimentary rocks.  Contributions to 
Geochemisty, United States Geological Survey Bulletin 1144 - E. United States 
Government Printing Office, Washington. 
MBendi Information Services. 2016. Coal Mining in South Africa – Overview. 
https://www.mbendi.com/indy/ming/coal/af/sa/p0005.htm 
Middle East Dredging Company. 2008. Project Descriptions. 
http://www.medcodredging.com/projects.html 
Mining Technology.com. 2017. Rhineland Lignite Mining, Germany. 
http://www.mining-technology.com/projects/rhineland/ 
Mohr, S., Hook, M., Mudd, G. and Evans, G. 2011. Projection of long-term paths for 
Australian coal production – comparisons of four models. International Journal of 
Coal Geology, 86, issue 4, 329–341. (doi: 10.1016/j.coal.2011.03.006) 





Müller, J. and Frimmel, H.E. 2010. Historical analysis of historic gold production 
cycles and implications for future sub-cycles. The Open Geology Journal, 4, p.29–
34 
National Marine Dredging Company. 2009. Project description for Fujeirah Port, UAE. 
http://nmdc.com/site/projectDetails/17 
New World Resources. 2011. The Indian Coal Industry. In Open Mine 4, 2011, p.18–
19. 
http://www.okd.cz/files/dokums_raw/120110_en_open_mine_2011_4_en_final.pdf 
Norgate, T. and Haque, N. 2012. Using life cycle assessment to evaluate some 
environmental impacts of gold production. Journal of Clearner Production, 29–30, 
p.53–63. Elsevier Ltd. 
Oddenino II, C.L. 1993. A cost comparison of selected U.S. and Polish coal mines. U.S. 
Department of Commerce and U.S. Department of the Interior. 
http://pdf.usaid.gov/pdf_docs/Pcaaa738.pdf 
Ofoegbu, G.I., Read, R.S. & Ferrante, F. 2008. Bulking factor of rock for underground 
openings - Report for U.S. Nuclear Regulatory Commission Contract NRC 02–07–
006. 
Owen, T. and Park, K. 2009. Dredging. 
http://www.engr.colostate.edu/~pierre/ce_old/classes/CE717-
2011/PPT%20files/Files%202011/Dredging_TEO_PARK_0419.pdf  
Rogich, D., Cassara, A., Wernick, I. and Miranda, M. 2008. Material flows in the 
United States, A physical accounting of the U.S. Industrial Economy. World 
Resources Institute, Washington DC, USA. 
http://pdf.wri.org/material_flows_in_the_united_states.pdf 
Rusek, S.J., Archer, S.R., Wachter, R.A. and Blackwood, T.R. 1978. Source 
Assessment: Open Mining of Coal State of the Art. EPA-600/2-78-004x. US 
Environmental Protection Agency, Cincinnate, Ohio.  
Sanhati. 2011. Overview of coal mining in India: Investigative report from Dhanbad 
Coal Fields. http://sanhati.com/excerpted/3798/ 
Semirara Mining & Power Corporation. 2016. 2015 SMPC Integrated Annual Report. 
http://www.semiraramining.com/uploads/files/SEC%2017%20-
%20A/2015%20Integrated%20Annual%20Report-Glossy.pdf 
Sharma, P.V. 1997. Environmental and Engineering Geophysics. Cambridge University 
Press.  
Shelton, J.E. 2013. Mercury processing. Encyclopaedia Britanica online. 
https://www.britannica.com/technology/mercury-processing 
Sherlock, R.L. 1922. Man as a geological agent – an account of his action on inanimate 
nature. H F & G Witherby, London. 
SI Metric. 2016. Density of materials – Bulk materials. 
http://www.simetric.co.uk/si_materials.htm  
Singh, R.D. 2005. Principles and Practices of Modern Coal Mining. New Age 
International Ltd, New Delhi. Table 15.1 on pp. 553–554 quoting data by 
CEMPDIL, Ranchi, 1984, p116. 
Štỷs, s. 1987. Reclamation of areas affected by open-case mining in the North 
Bohemian brown coal basin, Czechoslovakia, in Wolman, M.G. and Fournier, 
F.G.A. (Eds) Land Transformation in Agriculture, Chapter 14. John Wiley & Sons 
Ltd. 
Subsea World News. 2012. Bathymetric surveys needed before River Mersey Dredging 
(UK). http://subseaworldnews.com/2012/11/23/bathymetric-surveys-needed-
before-river-mersey-dredging-uk/ 
Sydney Coastal Councils. 2013. Facts & Figures. Beach sand nourishment scoping 
study: Maintaining Sydney’s beach amenity against climate change sea level rise. 
http://www.sydneycoastalcouncils.com.au/sites/default/files/sandnourish_factsandfi
gures.pdf 
Symonds Group Ltd. 2001. A study on the costs of improving the management of 
mining waste. Report to DG Environment, European Commission.  
http://ec.europa.eu/environment/waste/studies/mining/mining_cost.pdf 
Tarazanov, I. 2012. Analytical Review Russian Coal Industry. UGOL Magazine 2012, 
p.3–13. ISSN 0041-5790. http://www.ugolinfo.ru/2012_Ugool_Minexpo.pdf 
Thompson, R.J. 2005. Surface strip coal mining handbook. South African Colliery 
Managers Association. Project SACMA 01/03. 
http://www.sacea.org.za/.%5Cdocs%5CSACMA%20Surface%20Strip%20Coal%2
0Mining%20Handbook_rev1.pdf 
United Nations Educational, Scientific and Cultural Organisation (UNESCO). 1998. 
Adding more sand to the beach. Coastal Management Sourcebooks 1, Case 5. 
http://www.unesco.org/csi/pub/source/ero19.htm 
US Army Corps of Engineers. 2014. Actual Dredging Cost Data for 1963-2012. 
http://www.navigationdatacenter.us/dredge/ddhisbth.htm 
US Army Corps of Engineers. 2017. Navigation Data Center, Dredging Program. 
http://www.navigationdatacenter.us/dredge/dredge.htm 
US Environmental Protection Agency. 1982. Development document for final effluent 
limitations guidelines, new source performance standards and pretreatment 
standards for the coal mining point source category. Report Number 440182057, p. 
70. Effluent Guidelines Division, Office of Water. Washington DC.  
Van Oord. 2012. Press release: Van Oord wins Ichthys dredging contract in Darwin. 
http://www.vanoord.com/news/2012-van-oord-wins-ichthys-dredging-contract-
darwin 
Van Oss, H.G. 2017. Cement statistics and information in Minerals Yearbook 2014 and 
earlier editions. United States Geological Survey, Reston, Virginia. 
https://minerals.usgs.gov/minerals/pubs/commodity/cement/ 
Watling, L and Norse, E.A. 1998. Disturbance of the Seabed by Mobile Fishing Gear: A 
Comparison to Forest Clearcutting. Conservation Biology, 12, No. 6 (Dec., 1998), 
pp. 1180-1197. 
Whitehaven Coal. 2012. A leading independent Australian coal producer. Presentation 
to Bank of America Merrill Lynch 2012 Global Metals, Mining and Steel 
Conference, Miami  
http://www.whitehavencoal.com.au/investors/documents/ManagingDirectorsPresen
tation.pdf 
Willett, J.C. 2016. Crushed stone statistics and information in Minerals Yearbook 2014 
and earlier editions. United States Geological Survey, Reston, Virginia. 
https://minerals.usgs.gov/minerals/pubs/commodity/stone_crushed/ 
World Bank Group. 1998. Base metal and iron ore mining. Pollution prevention and 
abatement handbook, Industry Sector Guidelines, p.267–271. In collaboration with 
the United Nations Environment Programme and the United Nations Industrial 
Development Organisation. 
Zhang, Y., Li, K. and Shang, T. 2004. Open cast method and its application prospect in 
Chinese surface mines. In Yuehan, W., Shirong, G. and Guangli, G. (Eds). 2004. 
Mining Science and Technology. Proceedings of the 5th International Symposium 
on Mining Science and Technology, Xuzhou, Jiangsu, China, 20–22 October 2004, 











waste for coal  
(million tonnes) 
Calculated 



































[assumed to be 
twice the 
aggregate and 



























1925 1 372 589 1 960 571 61 341 401 803 338 4 073 2 
1926 1 362 603 1 965 585 62 353 415 830 378 4 173 2 
1927 1 473 670 2 144 663 68 385 453 905 405 4 569 2 
1928 1 463 684 2 147 688 72 412 484 967 486 4 772 2 
1929 1 555 752 2 307 746 75 429 504 1 007 540 5 104 2 
1930 1 412 709 2 121 692 72 416 488 976 594 4 871 2 
1931 1 260 656 1 916 643 62 359 421 841 648 4 469 2 
1932 1 128 623 1 750 586 49 286 335 670 759 4 102 2 
1933 1 168 684 1 853 619 48 281 329 658 810 4 269 2 
1934 1 280 795 2 075 704 58 341 399 799 1 078 5 055 2 
1935 1 321 870 2 191 740 65 386 451 903 918 5 203 2 
1936 1 443 1 009 2 451 822 63 374 436 873 918 5 501 3 
1937 1 534 1 137 2 672 890 83 496 579 1 158 1 353 6 651 3 
1938 1 443 1 134 2 576 866 86 520 606 1 211 1 057 6 316 3 
1939 1 575 1 311 2 886 961 93 567 660 1 321 827 6 654 3 
1940 1 687 1 539 3 226 1 063 81 498 579 1 158 1 167 7 193 3 
1941 1 773 1 710 3 483 1 152 88 546 634 1 267 864 7 401 4 
1942 1 784 1 818 3 602 1 178 81 506 587 1 173 731 7 270 3 
1943 1 798 1 975 3 773 1 223 71 452 523 1 047 702 7 268 3 
1944 1 727 2 037 3 764 1 209 55 354 409 818 739 6 939 3 
1945 1 345 1 718 3 063 969 50 324 374 747 702 5 855 3 
1946 1 468 2 025 3 493 1 101 73 479 551 1 102 667 6 914 3 
1947 1 648 2 421 4 069 1 269 86 571 656 1 313 675 7 982 4 
1948 1 695 2 646 4 341 1 339 102 689 791 1 581 661 8 712 4 
1949 1 697 2 841 4 538 1 391 115 788 903 1 806 675 9 312 4 
1950 1 821 3 226 5 047 1 555 133 924 1 057 2 115 702 10 476 5 
1951 1 933 3 617 5 550 1 720 149 1 043 1 192 2 384 729 11 575 6 
1952 1 930 3 853 5 784 1 776 161 1 135 1 296 2 592 756 12 204 6 
1953 1 961 4 166 6 127 1 883 178 1 273 1 451 2 901 783 13 145 6 
1954 1 971 4 402 6 373 1 971 195 1 413 1 608 3 216 810 13 978 7 
1955 2 134 5 002 7 135 2 219 217 1 597 1 814 3 629 837 15 635 7 
1956 2 256 5 602 7 858 2 436 235 1 754 1 989 3 978 864 17 125 8 
1957 2 337 6 076 8 413 2 641 247 1 864 2 111 4 222 864 18 251 9 
1958 2 439 6 629 9 068 2 877 263 2 008 2 271 4 541 864 19 621 9 
1959 2 520 7 230 9 749 3 074 294 2 281 2 575 5 150 891 21 440 10 
1960 2 632 7 958 10 589 3 342 317 2 485 2 801 5 602 918 23 253 11 
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1962 2 550 8 536 11 086 3 494 359 2 904 3 262 6 525 972 25 339 12 
1963 2 652 9 322 11 974 3 766 378 3 137 3 515 7 031 991 27 276 13 
1964 2 753 10 154 12 907 4 048 416 3 533 3 948 7 896 844 29 644 14 
1965 2 804 10 837 13 641 4 263 433 3 771 4 204 8 408 846 31 362 15 
1966 2 835 11 469 14 304 4 451 464 4 131 4 596 9 191 846 33 387 16 
1967 2 720 11 510 14 229 4 434 480 4 342 4 822 9 644 846 33 975 16 
1968 2 745 12 139 14 884 4 612 515 4 740 5 255 10 510 846 36 108 17 
1969 2 871 13 254 16 126 4 967 543 5 105 5 648 11 296 846 38 884 19 
1970 2 944 14 175 17 119 5 211 572 5 489 6 061 12 122 846 41 359 20 
1971 2 950 14 627 17 577 5 369 590 5 782 6 372 12 744 846 42 908 20 
1972 3 041 15 522 18 563 5 687 661 6 610 7 271 14 542 846 46 908 22 
1973 3 065 16 287 19 352 5 854 702 7 160 7 862 15 725 846 49 640 24 
1974 3 107 16 980 20 087 6 090 703 7 313 8 016 16 033 846 51 072 24 
1975 3 253 18 277 21 530 6 498 702 7 408 8 110 16 221 846 53 205 25 
1976 3 349 19 228 22 577 6 832 735 7 906 8 641 17 282 846 56 178 27 
1977 3 510 20 427 23 937 7 266 797 8 649 9 446 18 891 846 60 386 29 
1978 3 558 20 963 24 521 7 507 853 9 383 10 236 20 472 846 63 583 30 
1979 3 719 22 182 25 901 8 033 872 9 684 10 556 21 112 846 66 449 32 
1980 3 806 22 928 26 734 8 335 883 9 935 10 818 21 636 846 68 369 33 
1981 3 844 23 512 27 356 8 572 887 10 108 10 995 21 990 864 69 778 33 
1982 3 996 24 811 28 807 9 071 887 10 249 11 137 22 274 873 72 162 34 
1983 4 018 25 319 29 337 9 282 917 10 724 11 641 23 282 882 74 423 35 
1984 4 231 27 052 31 283 9 901 941 11 152 12 093 24 186 891 78 354 37 
1985 4 456 28 903 33 359 10 605 959 11 513 12 472 24 944 900 82 280 39 
1986 4 567 30 044 34 611 11 006 1 008 12 298 13 306 26 611 918 86 453 41 
1987 4 669 31 147 35 816 11 439 1 053 13 057 14 110 28 220 936 90 522 43 
1988 4 783 32 128 36 911 11 910 1 118 14 087 15 205 30 410 954 95 389 45 
1989 4 865 32 904 37 769 12 260 1 042 13 338 14 380 28 759 972 94 140 45 
1990 4 711 32 298 37 009 12 060 1 043 13 455 14 498 28 995 990 93 552 45 
1991 4 383 30 049 34 432 11 352 1 185 15 405 16 590 33 180 1 053 96 607 46 
1992 4 509 32 039 36 548 11 859 1 123 14 711 15 834 31 669 1 080 96 990 46 
1993 4 404 32 411 36 815 11 715 1 291 17 106 18 397 36 794 1 125 104 845 50 
1994 4 516 34 398 38 914 12 147 1 370 18 358 19 728 39 456 1 170 111 415 53 
1995 4 630 36 250 40 880 12 640 1 445 19 580 21 025 42 050 1 260 117 854 56 
1996 4 699 37 415 42 115 12 970 1 493 20 379 21 872 43 745 1 350 122 052 58 
1997 4 766 38 828 43 593 13 296 1 547 21 349 22 896 45 791 1 440 127 017 60 
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1999 4 323 37 590 41 913 12 321 1 600 22 560 24 160 48 320 1 620 128 335 61 
2000 4 310 38 679 42 989 12 423 1 660 23 572 25 232 50 464 1 861 132 969 63 
2001 4 638 42 139 46 777 13 498 1 750 25 025 26 775 53 550 2 018 142 618 68 
2002 4 815 43 847 48 662 14 108 1 850 26 640 28 490 56 980 2 176 150 416 72 
2003 5 210 47 550 52 760 15 371 2 020 29 290 31 310 62 620 2 334 164 395 78 
2004 5 711 52 217 57 928 16 962 2 190 31 974 34 164 68 328 2 491 179 874 86 
2005 6 046 55 371 61 417 18 078 2 350 34 545 36 895 73 790 2 649 192 830 92 
2006 6 345 57 597 63 942 19 034 2 620 38 907 41 527 83 054 2 589 210 146 100 
2007 6 572 59 102 65 674 19 781 2 820 42 300 45 120 90 240 3 355 224 170 107 
2008 6 815 60 680 67 494 20 512 2 850 43 235 46 085 92 169 3 769 230 029 110 
2009 6 849 60 349 67 198 20 684 3 050 46 818 49 868 99 735 4 062 241 547 115 
2010 7 153 62 324 69 476 22 587 3 290 50 995 54 285 108 570 4 259 259 177 123 
2011 7 931 67 934 75 865 24 429 3 650 56 575 60 225 120 450 4 877 285 846 136 
2012 8 201 69 012 77 214 25 752 3 820 59 592 63 412 126 824 5 826 299 029 142 
2013 8 226 69 370 77 596 26 571 4 070 63 899 67 969 135 938 6 832 314 906 150 
2014 8 165 68 702 76 867 27 270 4 180 65 626 69 806 139 612 8 086 321 640 153 
2015 7 860 65 788 73 649 26 951 4 100 64 370 68 470 136 940 9 857 315 867 150 
 
Table 1: Data used to calculate the global anthropogenic sediment flux (see paper and supplemental information for details of calculations and their implications); 
figures may not sum to totals due to rounding. 
  







Bauxite  1 412 305  84 331 901 77 000 000 139 157 577  228 000 000 294 000 000
Arsenic (white)  65 927  46 916 39 373 66 014  39 310 37 110
Asbestos  324 119  1 071 930 4 200 000 2 055 207  2 029 137 1 600 000
Barytes  490 737  1 351 343 5 200 000 6 009 764  9 100 000 7 900 000
Bentonite and fullers earth  189 667  366 054 6 542 000 15 741 258  18 500 000 21 700 000
Bromine  not available  46 486 277 546 543 551  650 000 569 000
Cadmium  461  5 806 15 700 19 423  23 300 24 900
Chromium ores and 
concentrates  314 975  2 341 988 8 400 000 14 676 586  27 800 000 35 300 000
Diatomite  117 680  446 488 1 400 000 1 609 834  1 777 000 2 374 000
Feldspar  410 358  782 356 2 870 000 13 049 778  22 236 000 26 150 000
Fluorspar  261 451  863 640 5 000 000 4 260 597  7 200 000 6 400 000
Graphite  121 926  131 070 442 000 2 031 555  2 100 000 2 200 000
Gypsum  10 465 284  20 930 568 59 000 000 97 331 379  146 900 000 268 200 000
Iodine  not available  not available  11 200 18 904  27 700 34 900
Kaolin  2 770 406  3 260 240 14 000 000 22 401 372  27 100 000 25 300 000
Lithium minerals  not available  18 027 118 000 222 822  653 720 576 095
Magnesite  775 458  9 550 842 9 500 000 20 141 895  37 500 000 44 900 000
Manganese ore  2 844 932  7 620 353 25 000 000 19 883 560  45 200 000 53 200 000
Mercury  3 629  4 808 8 800 1 436  2 100 2 400
Mica  21 998  86 872 209 000 327 295  348 000 810 000
Phosphate rock  8 839 609  22 881 378 109 000 000 132 476 901  182 000 000 265 000 000
Rare earth minerals  not available  508 38 800 80 708  105 520 154 036
Salt  23 369 081  45 417 301 162 000 000 210 240 580  279 300 000 289 600 000
Sillimanite minerals  not available  70 908 311 500 453 965  457 962 526 055
Talc  365 589  1 290 380 4 700 000 7 663 407  7 500 000 8 200 000
Tantalum and niobium 
minerals  not available  2 195 20 000 72 127  251 000 377 000
Titanium minerals  14 930  905 298 3 236 000 10 039 474  10 800 000 10 300 000
Zirconium minerals  not available  47 146 553 000 1 003 625  1 391 561 1 341 000
Beryl  not available  6 198 3 050 5 465  3 547 5 742
Borates  166 632  602 582 2 298 000 4 687 174  5 231 464 6 039 020
Nepheline syenite  not available  not available  669 000 1 865 000  5 808 000 6 007 900
Perlite  not available  not available  911 000 2 984 014  3 318 083 3 609 401
Strontium minerals  1 902  8 645 41 000 353 434  857 065 539 610
Vermiculite  not available  232 095 521 000 517 903  519 828 433 393
Wollastonite  not available  not available  61 000 727 673  1 025 029 1 338 427
Natural sodium carbonate  not available  not available  not available  10 636 070  12 941 825 14 099 076
Diamond  1  3 8 22  25 25







Antimony  28 449  45 519 72 100 118 060  163 000 143 000
Bismuth  574  920 4 300 4 217  3 300 4 300
Cobalt  814  6 884 50 300 35 190  137 000 148 000
Copper  1 483 429  2 540 118 7 250 000 13 206 324  16 100 000 19 200 000
Gold  585  753 1 200 2 555  2 660 3 110
Lead  1 585 033  1 666 317 3 600 000 3 051 684  4 400 000 5 000 000
Molybdenum  789  23 372 136 000 135 761  245 000 292 000
Nickel  37 594  147 733 752 000 1 226 506  1 605 000 2 092 000
Platinum group metals  7  19 178 444  481 459
Silver  778  5 505 9 242 18 201  23 387 27 511
Tin  149 359  169 883 228 000 249 026  329 000 341 000
Tungsten  9 168  18 492 48 000 30 644  63 400 80 900
Vanadium  4 165  2 813 26 000 32 531  69 000 72 000
Zinc  1 402 145  2 154 020 62 000 000 8 806 594  12 500 000 13 200 000
Uranium  288  not available  20 400 34 547  53 400 60 500
 
Table 2: Data for ‘all other minerals’, i.e. excluding coal, oil, natural gas, iron ore, aggregates and cement, degrees of rounding differ by commodity and year (see 
paper and supplemental information for details of how these figures have been used in the calculations). Source: British Geological Survey (1913–2017). 
 
